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1. Introduction 
Poly (lactic acid) (PLA) is a biobased aliphatic polyester prepared by condensation 
polymerization of lactic acid (2-hydroxy propionic acid) or ring opening polymerization of 
lactide in the presence of suitable catalysts (Garlotta, 2001; Lim et al., 2008). Lactic acid and 
lactide are chiral molecules (Figure 1). Lactic acid has two optical isomers, L-(+)-lactic acid 
or (S)-lactic acid and its mirror image D-(−)-lactic acid or (R)-lactic acid. Lactide is the cyclic 
di-ester of lactic acid and has three stereoisomers, i.e. meso-lactide, D-lactide and L-lactide. 
The majority of the commercially produced lactic acid is made by bacterial fermentation of 
carbohydrates. PLA has great potentials as an alternative to petroleum-based synthetic 
polymers and has been exploited as biodegradable thermoplastics for packaging and as 
FDA approved biomaterials for tissue engineering and drug delivery (Dorgan et al., 2001; 
Langer &Peppas, 2003).  
PLA with the different ratio of L and D stereoisomers shows significantly different physical 
properties, for example PLA with high content of L-lactic acid (PLLA) ( e.g. greater than 90 
%) is semicrystalline and PLA with more than 20% D-lactic acid content is amorphous 
(Tsuji, 2005; Lim et al., 2008). The crystallinity level of PLA decreases with D-lactic acid 
content and molecular weight. The copolymerization of lactic acid and glycolic acid has 
been used to tailor the biodegradability of the polymer. The rate of degradation of the 
polymers increases with the level of glycolic acid in the copolymer and decreases with 
molecular weight and crystallinity. Semicrystalline PLA can be converted into end-use 
products using conventional melt processing methods, including extrusion, injection 
molding, blow molding, casting, blown film, thermoforming, foaming, blending and fibre 
spinning (Lim et al., 2008). These processing methods require an elevated temperature of 10 
to 20 oC above the melting point (ca. 175 oC) of the polymer. Therefore, they are not 
applicable when biologically active guest species are required to be incorporated into 
polymer host in situ to fabricate drug delivery and tissue engineering devices. Common 
techniques for the fabrication of 3-D porous tissue engineering scaffolds include solvent 
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casting/salt leaching (Lu et al., 2000; Murphy et al., 2002) and moulding/salt leaching (Hou 
et al., 2003; Sosnowski et al., 2006). In addition, for tissue engineering and drug delivery, 
double emulsion solvent evaporation method has been used to prepare 
microparticles/microspheres (Freitas et al., 2005; Jiang et al., 2005; Kim et al., 2006) and 
electrospinning has been used to prepare micro/nanofibres (Venugopal &Ramakrishna, 
2005; You et al., 2006; Kim et al., 2010). However, organic solvents are often required in these 
fabrication approaches.  
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Fig. 1. Structures of lactic acid, lactide and PLA and PLGA 
To overcome these limitations, carbon dioxide (CO2) has been successfully utilized as an 
efficient green plasticizer and foaming agent for the fabrication of 3-D porous biodegradable 
monolith scaffolds and microparticles using amorphous PDLLA and PLGA polymers at 
ambient temperatures (Mooney et al., 1996; Harris et al., 1998; Hile et al., 2000; Howdle et al., 
2001; Davies et al., 2008). Supercritical carbon dioxide (scCO2) (Tc = 31.1 oC, Pc = 73.8 bar) 
has a unique combination of gas-like diffusivity and liquid-like density, which makes it a 
unique clean medium for polymer synthesis and polymer-processing (Cooper, 2001; 
Tomasko et al., 2003; Woods et al., 2004). In the supercritical foaming process, a small 
amount of CO2 dissolved into the polymers can dramatically reduce the glass transition 
temperature (Tg) and the viscosity of the polymers, which make it possible to incorporate 
bioactive compounds into the polymer in situ at a low temperature thus to limit the loss of 
their activities. After the release of CO2 from the polymer, a porous structure can be formed. 
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In supercritical foaming process, control of pore structure is crucial because pore size, 
porosity and interconnectivity of scaffolds strongly influences cell growth behavior and 
drug release profile. The key for this is to control pore nucleation and growth which are 
mainly influenced by the amount of CO2 dissolved in the polymer and the rate of CO2 
escaping from the polymer. Therefore, CO2 solubility and polymer viscosity are two 
important aspects to study in order to control pore structure of scaffolds in supercritical 
foaming.  
In this chapter, the recent studies on controlling the amorphous PDLLA and PLGA 
supercritical foaming process will be reviewed, particularly on the studies of the solubility 
of CO2 in PLA and PLGA (Pini et al., 2007; Pini et al., 2008), the intermolecular interaction of 
CO2 with PLA and PLGA (Tai et al., 2010), the rheological property of PLA and PLGA/CO2 
mixture (Tai et al., 2010), and the effects of processing conditions on the porous structures of 
the PLA and PLGA foams (Tai et al., 2007; Tai et al., 2007; White et al., 2011). 
2. CO2 solubility in PLA and PLGA 
To control and optimise the supercritical foaming of amorphous PLA and PLGA polymers, 
it is important to study the solubility and diffusivity of the CO2 in these biodegradable 
polymers. The solubility represents the amount of the CO2 that can be dissolved in them at 
equilibrium conditions. CO2 solubility in a wide range of polymers has been studied using 
gravimetric (Zhang et al., 2003; Oliveira et al., 2006) and spectroscopy (Duarte et al., 2005) 
methods. The sorption and swelling of PLA and PLGA polymers have been studied using 
different measurement techniques and also simulated using different mathematical 
modeling. These include a quartz crystal microbalance for the measurement and a dual-
mode sorption model and Flory-Huggins equation for modelling used by Oliveira and 
coworkers (Oliveira et al., 2006; Oliveira et al., 2006); an external balance for the 
measurement and perturbed-hard-sphere-chain equation of state for modeling used by 
Elvassore and coworkers (Elvassore et al., 2005); and a pressure decay technique for the 
measurement and Sanchez-Lacombe equation of state for modeling used by Liu and 
coworkers (Liu &Tomasko, 2007). Oliveira et al. studied the solubility of CO2 in PLA with 
two different L:D content, 80:20 (amorphous) and 98:2 (20 % crystallinity) (Oliveira et al., 
2006). The experiments were performed between 30 and 50 oC and up to 50 bar. It was found 
that CO2 is slightly more soluble in PLA 80:20 than in PLA 98:2. The solubility of CO2 in 
both polymers shows the same trend, increasing with pressure and decreasing with 
temperature. Three models were used to correlate the experimental results, dual-mode 
sorption model, Flory-Huggins equation and an extended Flory-Huggins equation. 
Elvassore et al. applied a gravimetric method to obtain CO2 absorption isotherms on three 
different polymers (PLGA 4852, PLGA 5446, and PLGA 5347) at 40 oC, which were then 
correlated using a perturbed-hard-sphere-chain equation of state (Elvassore et al., 2005). Liu 
and Tomasko used a pressure decay technique to measure CO2 sorption isotherms of three 
polymers (PLGA 7525, PLGA 5050 and PDLLA homopolymer) at temperatures of 30, 40 and 
60 oC and pressures up to 100 bar (Liu &Tomasko, 2007).  
Pini et al. studied the solubility of amorphous PDLLA and PLGA polymers (Table 1) at 35 oC 
and up to 200 bar by measuring their sorption and swelling in CO2 using a magnetic 
suspension microbalance and visualization method, and the Sanchez-Lacombe equation of 
state was used for correlating the experimental data (Pini et al., 2007; Pini et al., 2008). The 
PDLLA homopolymer shows the largest values of sorption and swelling (sorption and 
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fractional swelling up to 0.5 g CO2/g polymer and 0.68, respectively, at 200 bar), whereas 
the PLGA5050 has the lowest affinity to CO2 (Figure 2). The sorption and swelling decrease 
with increasing the content of glycolic acid in PLGA copolymers. The Sanchez-Lacombe 
equation of state is the most widely used model to describe the solubility of CO2 in 
polymers due to its simplicity, well-defined physical meaning, and the ability to extend 
available data to high temperature and pressures (Tomasko et al., 2003). Therefore, all data 
have been correlated by the Sanchez-Lacombe equation of state, demonstrating that this 
model is able to represent the actual behavior with reasonable accuracy using literature 
values for the pure component parameters and by fitting a single binary interaction 
parameter (Pini et al., 2008). CO2 solubility and diffusivity are influenced by both the 
molecular structure (the interaction between CO2 and polymer molecular chains) and the 
morphology (crystalline or amorphous, related with free volume) of polymers interested. 
Shieh and Lin suggested that the sorption process at or below Pc was mainly driven by 
carbonyl groups and above Pc by the degree of crystallinity such that the higher the degree 
of crystallinity, the lower CO2 solubility in the polymer (Shieh &Lin, 2002). It is easy to 
understand that a strong interaction between CO2 and polymer, and a low crystallinity 
(large free volume) of a polymer can lead to high gas solubility.  
 
Polymers Resources 
Composition 
(LA:GA)a 
Mwb 
(KD) 
PDIc Tg d 
(oC) 
PDLLA 15K 
PDLLA 52K 
Resomer 
Purac 
100:0 
100:0 
15 
52 
2.34 
1.87 
41.8 
46.9 
PLGA 85:15 Lakeshore 85:15 77 1.70 48.6 
PLGA 75:25 Resomer 75:25 72 1.75 50.4 
PLGA 65:35 Lakeshore 65:35 52 1.69 49.1 
PLGA 50:50 Resomer 50:50 53 1.59 47.0 
a Copolymer composition: the mole ratio of lactic acid (LA) and glycolic acid (GA) in the copolymer; b 
Weight average molecular weight, determined by GPC; c Polydispersity, determined by GPC; d Glass 
transition temperature, determined by DSC. 
Table 1. PLA and PLGA Polymers (Tai et al., 2010) 
3. Intermolecular interaction of CO2 with PLA and PLGA 
Despite numerous studies of polymers with gases or supercritical fluids, there is a little 
molecular level information on interactions within these polymer systems. There was the 
general perception that polymer swelling or gas sorption is a purely physical phenomena till 
Kazarian et al. first studied the specific intermolecular interactions between CO2 and 
polymers by FTIR and ATR-IR spectroscopy (Kazarian et al., 1996). It is suggested that the 
reduction of Tg is a thermodynamic effect due to intermolecular interactions between CO2 
and the polymer and not simply a hydrostatic pressure effect (Tomasko et al., 2003). 
Nalawade et al. characterized polyesters, poly(ethylene glycol) and polyphenylene oxide by 
using a modified Fourier transform-infrared spectroscopy set-up under sub- and 
supercritical CO2 conditions (Nalawade et al., 2006). Analysis of the corresponding spectra 
shows evidences of weak interaction (Lewis acid-base) between CO2 and polymers. In 
particular, shifts to higher wavelengths of the maximum absorption of chain groups of the 
polymer and the modification of the absorption band of CO2 represent a qualitative 
evidence of such interactions. In general, polymers with ether group display higher 
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interaction strength than polyesters. The chain flexibility aids dissolution of CO2 in 
polymers and carbonyl or ether groups that are accessible in the backbone or on side chains 
can specifically interact with CO2 (Kazarian et al., 1996; Tomasko et al., 2003; Nalawade et 
al., 2006).  
 
 
Fig. 2. Swelling and sorption isotherms at 35.0 oC as a function of pressure P for PLA15k 
(▲), PLA52k (Δ), PLGA8515 (■), PLGA7525 (□), PLGA6535 (●) and PLGA5050 (○). (a) 
Swelling s and (b) Sorption q. Reproduced with permission from (Pini et al., 2008) 
Tai et al. adopted a high pressure attenuated total reflection Fourier transform infrared 
(ATR-IR) to investigate the interactions of CO2 with PLA and PLGA polymers with the 
glycolic acid (GA) content in the copolymers as 15, 25, 35 and 50 % respectively (Table 1). 
Shifts and intensity changes of IR absorption bands of the polymers in the carbonyl region 
(~1750 cm-1) are indicative of the interaction on a qualitative level. The spectra for PDLLA 
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and PLGA polymers were recorded at 35 oC and 80 bar after soaking for 1 hour. The 
maximum absorptions in carbonyl region bands for all these polymers located at the similar 
position at ~1753.5 cm-1 (Figure 3, b). In comparison with the spectra for the pure polymers 
(Figure 3, a), PDLLA had the largest shift (5.6 cm-1) and PLGA 5050 had the smallest shift (1.3 
cm-1). This indicated that PDLLA had the greatest interaction with CO2 and the interaction 
decreased with the increase of GA content in the polymers. This is in good agreement with 
the results obtained from the sorption and swelling studies, in which the solubility of CO2 in 
PLGA copolymers was found to decreases with the increase in the glycolic acid content (Pini 
et al., 2007; Pini et al., 2008).  
 
Fig. 3. FTIR spectra (carbonyl region bands) of PDLLA and PLGAs. (a) Sepctra for the pure 
polymers obtained in the absence of CO2, the absorbance bands in carbonyl region shift to 
high wavenumber with increasing GA content in the PLGA copolymers. (b) Spectra 
obtained for the polymers in the presence of CO2 at 35 oC and 80 bar after soaking for 1 
hour. Note, the maximum absorption in carbonyl region bands (picked by Omnic software) 
located at the position of ~1753.5 cm-1. Reproduced with permission from (Tai et al., 2010) 
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The interaction of polymers with CO2 is dependent upon the chemical structure. The affinity 
of CO2 with polyesters is largely due to the interaction of CO2 molecules with the carbonyl 
group on the polymer chains. Lactic acid (LA) possesses an extra methyl group which could 
lead to at least two-opposing consequences. One is to increase the steric hindrance and then 
lower the interaction between the carbonyl group and the CO2 molecules, whereas the other 
one is to increase the available free volume in the matrix due to the steric effect. The latter 
factor could have played a dominant role in determining the CO2 behavior in PLGA 
polymers, leading to a higher solubility for PLGA with a high LA content.  
4. Rheology of PLA and PLGA 
To process PLA polymers with conventional techniques, such as extrusion, injection 
molding, blow molding, casting, blown film, thermoforming and foaming, it is extremely 
important to understand the melt rheological behaviour of PLA which is highly dependent 
on temperature, molecular weight and shear rate (Lim et al., 2008). The melt rheology of 
semicrystalline PLLA has been studied at elevated temperatures above its melting point 
(Dorgan et al., 1999; Dorgan et al., 2000; Lehermeier &Dorgan, 2001; Palade et al., 2001; 
Dorgan et al., 2005). Cooper-White et al. studied the dynamic viscoelastic behavior of PLLA 
with molecular weights ranging from 2 to 360 kg/mol, over a broad range of reduced 
frequencies (approximately 1 X 10-3 s-1 to 1 X 103 s-1), using time-temperature superposition 
principle (Cooper-White &Mackay, 1999). The temperature range used was between 170 to 
220 oC. Melts are shown to have a critical molecular weight of approximately 16 kg/mol, 
and an entanglement density of 0.16 mmol/cm3 (at 25 oC). Fang et al. studied viscosities of 
two types of PLA resins (amorphous and semicrystalline) at 150 and 170 oC and at various 
shear rates (30, 50, 70, 90, 110, 130, and 150 rpm screw speeds) with a tube rheometer on an 
extruder (Fang &Hanna, 1999). The viscosity data was calculated from the pressure profiles 
and the volume flow rate. The effects of resin type, temperature and shear rate on melt 
viscosity were determined. Under the same processing conditions, semicrystalline PLA had 
a higher shear viscosity than amorphous PLA. As the temperature increased, the shear 
viscosity decreased for both types of PLA. The PLA melt was characterized as a 
pseudoplastic, non-Newtonian fluid. Dorgan et al. also studied the melt rheology of PLA by 
measuring master curves of polymers. The effects of variable L-content (Palade et al., 2001; 
Dorgan et al., 2005), entanglement and chain architecture (Dorgan et al., 1999), linear and 
star polymer chain architecture (Dorgan et al., 2000) and blending chain architectures 
(Lehermeier &Dorgan, 2001) on the rheological property of PLA were investigated. The 
dynamic frequency sweeps were performed at 180 oC to obtain zero shear viscosity data for 
a linear and a branched PLA (Dorgan et al., 2000). Longer relaxation times for the branched 
material, compared to the linear material, manifests itself as a higher zero shear rate 
viscosity. However, the branched material shear thins more strongly, resulting in a lower 
value of viscosity at high shear rate. Isothermal frequency sweeps were also performed at a 
wide range of temperatures from (56 to 180 oC) for semicrystalline PLLA and amorphous 
PDLLA (Dorgan et al., 2005). For all compositions of PLA investigated, the weight average 
molecular weights were within the range of 105-106 g/mol.  
CO2 has been used in gas assisted extrusion process to reduce the glass transition 
temperature and the viscosity of the polymer, also to increase the miscibility of the different 
polymers in blending to form polymer composites (Garlotta, 2001; Lim et al., 2008). 
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However, there are very few studies about extrusion foaming of PLA (Reignier et al., 2007; 
Mihai et al., 2010). Mihai et al. studied the rheology and extrusion foaming of chain-
branched PLA at a temperature between 180 oC to 200 oC (Mihai et al., 2010). Two PLA 
grades, an amorphous and a semicrystalline one, were branched using a multifunctional 
styrene-acrylic-epoxy copolymer. The branching of PLA and its foaming were achieved in 
one-step extrusion process. CO2 up to 9% was used to obtain foams from the two PLA 
branched using chain-extender contents up to 2%. The foams were investigated with respect 
to their shear and elongational behavior, crystallinity, morphology, and density. The 
addition of the chain-extender led to an increase in complex viscosity, elasticity, 
elongational viscosity, and in the manifestation of the strain-hardening phenomena. 
Differences in foaming behavior were attributed to crystallites formation during the 
foaming process. The rheological and structural changes associated with PLA chain-
extension lowered the achieved crystallinity but slightly improved the foamability at low 
CO2 content. Corre et al studied the batch foaming of modified PLA with scCO2 (Corre et al., 
2011). Improvement of the melt viscosity and elasticity was achieved by the use of an epoxy 
additive during a reactive extrusion process. Rheological characterizations confirmed an 
increase of the melt strength due to this chain extension process. Foaming was then 
performed on the neat and modified PLAs using a batch process with scCO2 as blowing 
agent using the saturation temperature of 165 oC and pressure ranging from 96 to 142 bar. 
Depending on the foaming parameters, foams with a cellular structure ranging from macro 
scale to micro scale have been obtained.  
The viscosity of polymer/CO2 mixture plays an important role for the control of porous 
structures in CO2 foaming process. The dissolved CO2 in the polymers reduces the viscosity 
and Tg of the polymers dramatically (Tomasko et al., 2003; Woods et al., 2004). These 
reductions are closely related to the solubility of CO2 in the polymers. The higher the 
solubility of CO2 in a polymer, the higher is the reduction in the viscosity and the glass 
transition temperature (Nalawade et al., 2006). To study the rheological property of PLA in 
the presence of CO2, high pressure rheometer or high pressure viscometer are required. 
There are several studies on the viscosity reduction of polymer melts or fluid samples under 
CO2 using high pressure concentric cylinder rotational viscometer (Flichy et al., 2003), high 
pressure slit die (Royer et al., 2001) and capillary viscometer(Qin et al., 2005), and high 
pressure magnetically levitated sphere rheometer (Royer et al., 2002). Tai et al. studied the 
rheological properties of amorphous PDLLA and PLGA polymers in the presence and 
absence of CO2 using a parallel plate rheometer (Tai et al., 2010). The viscosity curves of 
PDLLA, PLGA 8515 and PLGA 6535 were recorded at 35 oC and 100 bar after CO2 saturated 
the polymers (soaking for 24 hours). It was found that the viscosity curves (i.e., shear 
viscosity versus shear rate) of polymer/CO2 mixtures were similar in shape to those of pure 
polymers (Figure 4, a and b). The shear thinning phenomenon was observed for all the 
polymers, which is important information for extrusion and injection processing of the 
polymers. The comparison of zero viscosity data for the polymers indicated that the 
dissolved CO2 (ca. 25-30 wt %) lowered the viscosity of PDLLA and PLGA at 35 oC to the 
similar level for the pure polymers at a high temperature of 140 oC (Figure 4, c). Moreover, a 
greater viscosity reduction for PDLLA was observed comparing to PLGAs. These rheological 
data also demonstrated that the interactions of CO2 with amorphous PDLLA and PLGA 
polymers decrease with increasing GA content in the polymers.  
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Fig. 4. Shear viscosity of PDLLA, PLGA 8515 and PLGA 6535 with and without CO2.  
(a) Flow curves for CO2-plastisized polymers at 35 oC and 100 bar after soaking for 24 
hours; (b) Flow curves for polymer melts at 140 oC and atmosphere pressure;  
(c) Comparison of the zero viscosities of the polymers at 140 oC and atmosphere (white 
bars) with those at 35 oC and 100 bar CO2 pressure (grey bars). Reproduced with 
permission from (Tai et al., 2010) 
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5. Morphology of supercritical foamed PLA and PLGA scaffolds  
Tissue engineering scaffolds require a controlled pore size and structure to host tissue 
formation and drug release. The chemical composition of the polymers and the morphology 
(pore size, porosity and interconnectivity) of the porous scaffolds are crucial because these 
parameters influence cell filtration, migration, nutrient exchange, degradation and drug 
release rate. CO2 batch foaming process was used to fabricate foamed scaffolds in which the 
escape of CO2 from a plasticized polymer melt generates gas bubbles that shape the 
developing pores. Mooney et al formed PLGA scaffolds (a mole ratio of lactic acid and 
glycolic acid (L/G) was 50:50) by CO2 pressure quenching method at 20-23 oC and 55 bar 
(Mooney et al., 1996). Pishko et al. produced PLGA (L/G ratio as 80:20 and 65:35) scaffolds 
via CO2 pressure quenching method using a water-in-solvent emulsion (aqueous protein 
phase and organic polymer solution phase) at conditions in the supercritical region (35 oC, 
80 bar) (Hile et al., 2000; Hile &Pishko, 2004). Howdle and Shakesheff developed a single 
step scCO2 foaming process using polymer powder samples to generate porous scaffolds at 
high pressure (170-230 bar) and short soaking time (0.5-2 hours) with a controlled venting 
rate (venting time between 2 minutes and 2 hours) at 35 oC (Howdle et al., 2001). The 
produced scaffolds with an interconnected porous structure have been used for growth 
factor and gene delivery. For example, bone morphogenetic protein 2 (BMP-2) has been 
encapsulated into PDLLA scaffolds for bone tissue engineering by this supercritical fluid 
mixing and foaming (Yang et al., 2004). Bone formation was observed due to the release of 
the osteoinductive protein BMP-2 from PDLLA scaffolds both in vitro and in vivo (Yang et 
al., 2004; Yang et al., 2006). These scaffolds have also been used to study adenoviral gene 
transfer into primary human bone marrow osteoprogenitor cells (Howard et al., 2002; 
Partridge et al., 2002). Polyamidoamine polymer (PAA)/DNA complexes has been 
incorporated into supercritical PDLLA scaffold, exhibiting a slow release and extended gene 
expression profile (Heyde et al., 2007). 
The process of CO2 batch foaming involves a simultaneous change in phase in the CO2 and 
the polymer, resulting in rapid expansion of a surface area and changes in polymer 
rheological properties. Hence, the process is difficult to control with respect to the desired 
final pore size and structure. Tai et al. performed a detailed study of the effects of polymer 
chemical composition, molecular weight and batch foaming conditions on final scaffold 
characteristics (Tai et al., 2007; White et al., 2011). A series of amorphous PDLLA and PLGA 
polymers with various molecular weights (from 13 KD to 96 KD) and/or chemical 
compositions (the mole percentage of glycolic acid in the polymers was 0, 15, 25, 35 and 50 
respectively) were employed. Processing parameters under investigation were temperature 
(from 5 to 55 oC), pressure (from 60 to 230 bar), soaking time and venting rate. The results 
demonstrated that the pore size and structure of the supercritical PDLLA and PLGA 
scaffolds can be tailored by careful control of the processing conditions. A higher pressure 
and a longer soaking time allowed more CO2 molecules to diffuse into the polymer matrix, 
leading to a higher nucleation density and hence the production of smaller pores. Higher 
temperatures produced foams with larger pores because increased diffusion rates facilitated 
pore growth. In addition, reducing the rate of depressurization allowed a longer period for 
pore growth and therefore larger pores were formed than with rapid depressurization. The 
pore size of scaffolds also decreased with increasing glycolic acid content in the PLGA 
copolymers (Figure 5).  
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Fig. 5. Scaffolds fabricated with PDLLA(52K), PLGA 85:15(77K), PLGA 75:25(72K), PLGA 
65:35(52K), and PLGA 50:50(53K) polymers. (a) pore size distribution determined by Micro 
CT; (b) Micro CT 3-D images. Processing conditions: T = 35 oC, P = 230 bar, FT = 20 minutes, 
ST = 60 minutes, VT = 60 minutes. Reproduced with permission from (Tai et al., 2007) 
6. Conclusion 
Batch foaming of amorphous poly (DL-lactic acid) and poly (lactic acid-co-glycolic acid) 
with supercritical carbon dioxide is a solvent-free approach and without the need of an 
elevated temperature for the fabrication of 3-D porous scaffolds. CO2 sorption and swelling 
isotherms at 35 oC and up to 200 bar on a variety of homo- and copolymers of lactic and 
glycolic acids (glycolic acid content as 0, 15, 25, 35 and 50 % respectively) have been studied. 
A high pressure attenuated total reflection Fourier transform infrared (ATR-IR) have been 
successfully used to study the interactions of CO2 with these polymers. Shifts of the 
maximum absorption of carbonyl groups (C=O) of the polymers and the absorption 
intensity changes of both carbonyl and CO2 bands represent such interactions. The viscosity 
of CO2-plasticised polymers has been measured directly using high pressure parallel plate 
rheometer at 35 oC and 100 bar and the results were compared with the viscosity of the 
polymer melts at 140 oC. All data demonstrated that the interactions of CO2 with PLGA 
polymers decreased with the increase of GA contents in the copolymers. These 
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investigations provided fundamental understandings on the control of scCO2 foaming 
process for the fabrication of PDLLA and PLGA porous scaffolds. Moreover, the experiments 
have been performed to tailor the pore size and structure of the PDLLA and PLGA porous 
scaffolds by altering the processing conditions. The results demonstrated that a higher 
pressure and a longer soaking time allowed more CO2 molecules to diffuse into the polymer 
matrix, leading to a higher nucleation density and hence the production of smaller pores. 
Higher temperatures produced foams with larger pores because increased diffusion rates 
facilitated pore growth. In addition, reducing the rate of depressurization allowed a longer 
period for pore growth and therefore larger pores were formed than with rapid 
depressurization. The pore size of scaffolds also decreased with increasing glycolic acid 
content in the PLGA copolymers. These findings empower the definition of scCO2 batch 
foaming conditions to tailor the pore size and structure of scaffolds for potential application 
as controlled release devices for growth factor delivery in Tissue Engineering.  
7. References  
Cooper-White, J. J. &Mackay, M. E. (1999). Rheological properties of poly(lactides). Effect of 
molecular weight and temperature on the viscoelasticity of poly(l-lactic acid). 
Journal of Polymer Science Part B-Polymer Physics 37(15): 1803-1814. 
Cooper, A. I. (2001). Recent developments in materials synthesis and processing using 
supercritical CO2. Advanced Materials 13(14): 1111-1114. 
Corre, Y. M., Maazouz, A., Duchet, J. &Reignier, J. (2011). Batch foaming of chain extended 
PLA with supercritical CO2: Influence of the rheological properties and the process 
parameters on the cellular structure. Journal of Supercritical Fluids 58(1): 177-188. 
Davies, O. R., Lewis, A. L., Whitaker, M. J., Tai, H. Y., Shakesheff, K. M. &Howdle, S. M. 
(2008). Applications of supercritical CO2 in the fabrication of polymer systems for 
drug delivery and tissue engineering. Advanced Drug Delivery Reviews 60(3): 373-
387. 
Dorgan, J. R., Janzen, J., Clayton, M. P., Hait, S. B. &Knauss, D. M. (2005). Melt rheology of 
variable L-content poly(lactic acid). Journal of Rheology 49(3): 607-619. 
Dorgan, J. R., Lehermeier, H. &Mang, M. (2000). Thermal and rheological properties of 
commercial-grade poly(lactic acid)s. Journal of Polymers and the Environment 8(1): 1-
9. 
Dorgan, J. R., Lehermeier, H. J., Palade, L. I. &Cicero, J. (2001). Polylactides: Properties and 
prospects of an environmentally benign plastic from renewable resources. 
Macromolecular Symposia 175: 55-66. 
Dorgan, J. R., Williams, J. S. &Lewis, D. N. (1999). Melt rheology of poly(lactic acid): 
Entanglement and chain architecture effects. Journal of Rheology 43(5): 1141-1155. 
Duarte, A. R. C., Anderson, L. E., Duarte, C. M. M. &Kazarian, S. G. (2005). A comparison 
between gravimetric and in situ spectroscopic methods to measure the sorption of 
CO2 in a biocompatible polymer. Journal of Supercritical Fluids 36(2): 160-165. 
Elvassore, N., Vezzu, K. &Bertucco, A. (2005). Measurement and modeling of CO2 
absorption in poly (lactic-co-glycolic acid). Journal of Supercritical Fluids 33(1): 1-5. 
Fang, Q. &Hanna, M. A. (1999). Rheological properties of amorphous and semicrystalline 
polylactic acid polymers. Industrial Crops and Products 10(1): 47-53. 
www.intechopen.com
Batch Foaming of Amorphous Poly (DL-Lactic Acid) and Poly (Lactic Acid-co-Glycolic Acid) with 
Supercritical Carbon Dioxide: CO2 Solubility, Intermolecular Interaction, Rheology and Morphology 
 
145 
Flichy, N. M. B., Lawrence, C. J. &Kazarian, S. G. (2003). Rheology of poly(propylene glycol) 
and suspensions of fumed silica in poly(propylene glycol) under high-pressure 
CO2. Industrial & Engineering Chemistry Research 42(25): 6310-6319. 
Freitas, S., Merkle, H. P. &Gander, B. (2005). Microencapsulation by solvent 
extraction/evaporation: reviewing the state of the art of microsphere preparation 
process technology. Journal of Controlled Release 102(2): 313-332. 
Garlotta, D. (2001). A literature review of poly(lactic acid). Journal of Polymers and the 
Environment 9(2): 63-84. 
Harris, L. D., Kim, B. S. &Mooney, D. J. (1998). Open pore biodegradable matrices formed 
with gas foaming. Journal of Biomedical Materials Research 42(3): 396-402. 
Heyde, M., Partridge, K. A., Howdle, S. M., Oreffo, R. O. C., Garnett, M. C. &Shakesheff, K. 
M. (2007). Development of a slow non-viral DNA release system from P(DL)LA 
scaffolds fabricated using a supercritical CO2 technique. Biotechnology and 
Bioengineering 98(3): 679-693. 
Hile, D. D., Amirpour, M. L., Akgerman, A. &Pishko, M. V. (2000). Active growth factor 
delivery from poly(D,L-lactide-co- glycolide) foams prepared in supercritical CO2. 
Journal of Controlled Release 66(2-3): 177-185. 
Hile, D. D. &Pishko, M. V. (2004). Solvent-free protein encapsulation within biodegradable 
polymer foams. Drug Delivery 11(5): 287-293. 
Hou, Q. P., Grijpma, D. W. &Feijen, J. (2003). Porous polymeric structures for tissue 
engineering prepared by a coagulation, compression moulding and salt leaching 
technique. Biomaterials 24(11): 1937-1947. 
Howard, D., Partridge, K., Yang, X. B., Clarke, N. M. P., Okubo, Y., Bessho, K., Howdle, S. 
M., Shakesheff, K. M. &Oreffo, R. O. C. (2002). Immunoselection and adenoviral 
genetic modulation of human osteoprogenitors: in vivo bone formation on PLA 
scaffold. Biochemical and Biophysical Research Communications 299(2): 208-215. 
Howdle, S. M., Watson, M. S., Whitaker, M. J., Popov, V. K., Davies, M. C., Mandel, F. S., 
Wang, J. D. &Shakesheff, K. M. (2001). Supercritical fluid mixing: preparation of 
thermally sensitive polymer composites containing bioactive materials. Chemical 
Communications(01): 109-110. 
Jiang, W. L., Gupta, R. K., Deshpande, M. C. &Schwendeman, S. P. (2005). Biodegradable 
poly(lactic-co-glycolic acid) microparticles for injectable delivery of vaccine 
antigens. Advanced Drug Delivery Reviews 57(3): 391-410. 
Kazarian, S. G., Vincent, M. F., Bright, F. V., Liotta, C. L. &Eckert, C. A. (1996). Specific 
intermolecular interaction of carbon dioxide with polymers. Journal of the American 
Chemical Society 118(7): 1729-1736. 
Kim, S. J., Jang, D. H., Park, W. H. &Min, B. M. (2010). Fabrication and characterization of 3-
dimensional PLGA nanofiber/microfiber composite scaffolds. Polymer 51(6): 1320-
1327. 
Kim, T. K., Yoon, J. J., Lee, D. S. &Park, T. G. (2006). Gas foamed open porous biodegradable 
polymeric microspheres. Biomaterials 27(2): 152-159. 
Langer, R. &Peppas, N. A. (2003). Advances in biomaterials, drug delivery, and 
bionanotechnology. Aiche Journal 49(12): 2990-3006. 
Lehermeier, H. J. &Dorgan, J. R. (2001). Melt rheology of poly(lactic acid): Consequences of 
blending chain architectures. Polymer Engineering and Science 41(12): 2172-2184. 
www.intechopen.com
 
Rheology 
 
146 
Lim, L. T., Auras, R. &Rubino, M. (2008). Processing technologies for poly(lactic acid). 
Progress in Polymer Science 33(8): 820-852. 
Liu, D. H. &Tomasko, D. L. (2007). Carbon dioxide sorption and dilation of poly(lactide-co-
glycolide). Journal of Supercritical Fluids 39(3): 416-425. 
Lu, L., Peter, S. J., Lyman, M. D., Lai, H. L., Leite, S. M., Tamada, J. A., Uyama, S., Vacanti, J. 
P., Langer, R. &Mikos, A. G. (2000). In vitro and in vivo degradation of porous 
poly(DL-lactic-co-glycolic acid) foams. Biomaterials 21(18): 1837-1845. 
Mihai, M., Huneault, M. A. &Favis, B. D. (2010). Rheology and Extrusion Foaming of Chain-
Branched Poly(lactic acid). Polymer Engineering and Science 50(3): 629-642. 
Mooney, D. J., Baldwin, D. F., Suh, N. P., Vacanti, L. P. &Langer, R. (1996). Novel approach 
to fabricate porous sponges of poly(D,L-lactic- co-glycolic acid) without the use of 
organic solvents. Biomaterials 17(14): 1417-1422. 
Murphy, W. L., Dennis, R. G., Kileny, J. L. &Mooney, D. J. (2002). Salt fusion: An approach 
to improve pore interconnectivity within tissue engineering scaffolds. Tissue 
Engineering 8(1): 43-52. 
Nalawade, S. P., Picchioni, F., Janssen, L., Patil, V. E., Keurentjes, J. T. F. &Staudt, R. (2006). 
Solubilities of sub- and supercritical carbon dioxide in polyester resins. Polymer 
Engineering and Science 46(5): 643-649. 
Nalawade, S. P., Picchioni, F., Marsman, J. H. &Janssen, L. (2006). The FT-IR studies of the 
interactions of CO2 and polymers having different chain groups. Journal of 
Supercritical Fluids 36(3): 236-244. 
Oliveira, N. S., Dorgan, J., Coutinho, J. A. P., Ferreira, A., Daridon, J. L. &Marrucho, I. M. 
(2006). Gas solubility of carbon dioxide in poly(lactic acid) at high pressures. Journal 
of Polymer Science Part B-Polymer Physics 44(6): 1010-1019. 
Oliveira, N. S., Goncalves, C. M., Coutinho, J. A. P., Ferreira, A., Dorgan, J. &Marrucho, I. M. 
(2006). Carbon dioxide, ethylene and water vapor sorption in poly(lactic acid). Fluid 
Phase Equilibria 250(1-2): 116-124. 
Palade, L. I., Lehermeier, H. J. &Dorgan, J. R. (2001). Melt rheology of high L-content 
poly(lactic acid). Macromolecules 34(5): 1384-1390. 
Partridge, K., Yang, X. B., Clarke, N. M. P., Okubo, Y., Bessho, K., Sebald, W., Howdle, S. M., 
Shakesheff, K. M. &Oreffo, R. O. C. (2002). Adenoviral BMP-2 gene transfer in 
mesenchymal stem cells: In vitro and in vivo bone formation on biodegradable 
polymer scaffolds. Biochemical and Biophysical Research Communications 292(1): 144-
152. 
Pini, R., Storti, G., Mazzotti, M., Tai, H. Y., Shakesheff, K. M. &Howdle, S. M. (2007). 
Sorption and swelling of poly(D,L-lactic acid) and poly(lactic-co-glycolic acid) in 
supercritical CO2. Macromolecular Symposia 259: 197-202. 
Pini, R., Storti, G., Mazzotti, M., Tai, H. Y., Shakesheff, K. M. &Howdle, S. M. (2008). 
Sorption and swelling of poly(DL-lactic acid) and poly(lactic-co-glycolic acid) in 
supercritical CO2: An experimental and modeling study. Journal of Polymer Science 
Part B-Polymer Physics 46(5): 483-496. 
Qin, X., Thompson, M. R., Hrymak, A. N. &Torres, A. (2005). Rheology studies of 
polyethylene/chemical blowing agent solutions within an injection molding 
machine. Polymer Engineering and Science 45(8): 1108-1118. 
Reignier, J., Gendron, R. &Champagne, M. F. (2007). Extrusion foaming of poly(lactic acid) 
blown with Co-2: Toward 100% green material. Cellular Polymers 26(2): 83-115. 
www.intechopen.com
Batch Foaming of Amorphous Poly (DL-Lactic Acid) and Poly (Lactic Acid-co-Glycolic Acid) with 
Supercritical Carbon Dioxide: CO2 Solubility, Intermolecular Interaction, Rheology and Morphology 
 
147 
Royer, J. R., DeSimone, J. M. &Khan, S. A. (2001). High-pressure rheology and viscoelastic 
scaling predictions of polymer melts containing liquid and supercritical carbon 
dioxide. Journal of Polymer Science Part B-Polymer Physics 39(23): 3055-3066. 
Royer, J. R., Gay, Y. J., Adam, M., DeSimone, J. M. &Khan, S. A. (2002). Polymer melt 
rheology with high-pressure CO2 using a novel magnetically levitated sphere 
rheometer. Polymer 43(8): 2375-2383. 
Shieh, Y. T. &Lin, Y. G. (2002). Equilibrium solubility of CO2 in rubbery EVA over a wide 
pressure range: effects of carbonyl group content and crystallinity. Polymer 43(6): 
1849-1856. 
Sosnowski, S., Wozniak, P. &Lewandowska-Szumiel, M. (2006). Polyester scaffolds with 
bimodal pore size distribution for tissue engineering. Macromolecular Bioscience 6(6): 
425-434. 
Tai, H. Y., Mather, M. L., Howard, D., Wang, W. X., White, L. J., Crowe, J. A., Morgan, S. P., 
Chandra, A., Williams, D. J., Howdle, S. M. &Shakesheff, K. M. (2007). Control of 
pore size and structure of tissue engineering scaffolds produced by supercritical 
fluid processing. European Cells & Materials 14: 64-76. 
Tai, H. Y., Popov, V. K., Shakesheff, K. M. &Howdle, S. M. (2007). Putting the fizz into 
chemistry: applications of supercritical carbon dioxide in tissue engineering, drug 
delivery and synthesis of novel block copolymers. Biochemical Society Transactions 
35: 516-521. 
Tai, H. Y., Upton, C. E., White, L. J., Pini, R., Storti, G., Mazzotti, M., Shakesheff, K. M. 
&Howdle, S. M. (2010). Studies on the interactions of CO2 with biodegradable 
poly(DL-lactic acid) and poly(lactic acid-co-glycolic acid) copolymers using high 
pressure ATR-IR and high pressure rheology. Polymer 51(6): 1425-1431. 
Tomasko, D. L., Li, H. B., Liu, D. H., Han, X. M., Wingert, M. J., Lee, L. J. &Koelling, K. W. 
(2003). A review of CO2 applications in the processing of polymers. Industrial & 
Engineering Chemistry Research 42(25): 6431-6456. 
Tsuji, H. (2005). Poly(lactide) stereocomplexes: Formation, structure, properties, 
degradation, and applications. Macromolecular Bioscience 5(7): 569-597. 
Venugopal, J. &Ramakrishna, S. (2005). Applications of polymer nanofibers in biomedicine 
and biotechnology. Applied Biochemistry and Biotechnology 125(3): 147-157. 
White, L. J., Hutter, V., Tai, H. Y., Howdle, S. M. &Shakesheff, K. M. (2011). The effect of 
processing variables on morphological and mechanical properties of supercritical 
CO2 foamed scaffolds for tissue engineering. Acta Biomaterialia 2012, 8(1): 61-71. 
Woods, H. M., Silva, M., Nouvel, C., Shakesheff, K. M. &Howdle, S. M. (2004). Materials 
processing in supercritical carbon dioxide: surfactants, polymers and biomaterials. 
Journal of Materials Chemistry 14(11): 1663-1678. 
Yang, X. B., Green, D., Roach, H. I., Anderson, H. C., Howdle, S. M., Shakesheff, K. M. 
&Oreffo, R. O. C. (2006). The effect of an admix of bone morphogenetic proteins on 
human osteoprogenitor activity in vitro and in vivo. Tissue Engineering 12(4): 1002-
1003. 
Yang, X. B., Whitaker, M. J., Sebald, W., Clarke, N., Howdle, S. M., Shakesheff, K. M. 
&Oreffo, R. O. C. (2004). Human osteoprogenitor bone formation using 
encapsulated bone morphogenetic protein 2 in porous polymer scaffolds. Tissue 
Engineering 10(7-8): 1037-1045. 
www.intechopen.com
 
Rheology 
 
148 
You, Y., Lee, S. J., Min, B. M. &Park, W. H. (2006). Effect of solution properties on 
nanofibrous structure of electrospun poly(lactic-co-glycolic acid). Journal of Applied 
Polymer Science 99(3): 1214-1221. 
Zhang, C., Cappleman, B. P., Defibaugh-Chavez, M. &Weinkauf, D. H. (2003). Glassy 
polymer-sorption phenomena measured with a quartz crystal microbalance 
technique. Journal of Polymer Science Part B-Polymer Physics 41(18): 2109-2118. 
www.intechopen.com
Rheology
Edited by Dr. Juan De Vicente
ISBN 978-953-51-0187-1
Hard cover, 350 pages
Publisher InTech
Published online 07, March, 2012
Published in print edition March, 2012
InTech Europe
University Campus STeP Ri 
Slavka Krautzeka 83/A 
51000 Rijeka, Croatia 
Phone: +385 (51) 770 447 
Fax: +385 (51) 686 166
www.intechopen.com
InTech China
Unit 405, Office Block, Hotel Equatorial Shanghai 
No.65, Yan An Road (West), Shanghai, 200040, China 
Phone: +86-21-62489820 
Fax: +86-21-62489821
This book contains a wealth of useful information on current rheology research. By covering a broad variety of
rheology-related topics, this e-book is addressed to a wide spectrum of academic and applied researchers and
scientists but it could also prove useful to industry specialists. The subject areas include, polymer gels, food
rheology, drilling fluids and liquid crystals among others.
How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:
Hongyun Tai (2012). Batch Foaming of Amorphous Poly (DL-Lactic Acid) and Poly (Lactic Acid-co-Glycolic
Acid) with Supercritical Carbon Dioxide: CO2 Solubility, Intermolecular Interaction, Rheology and Morphology,
Rheology, Dr. Juan De Vicente (Ed.), ISBN: 978-953-51-0187-1, InTech, Available from:
http://www.intechopen.com/books/rheology/batch-foaming-of-amorphous-poly-dl-lactic-acid-and-poly-lactic-
acid-co-glycolic-acid-with-supercriti
© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
